Obesity is linked to a wide range of serious illnesses. In addition to the important impact on the health of the individual, obesity also has a substantial impact on the economy. Disruption of physiological day-night cycles could contribute to the increased incidence of obesity. According to the American National Sleep Federation, the percentage of the people who reported a sleep duration of six hours or less increased from 12 to 37 % over ten years. Insufficient sleep leads not only to an increase of the total calorie intake but changes the meal preference in favor of palatable foods and meals with high carbohydrate content.
Introduction
Since 1975 the prevalence of global obesity has almost tripled. According to the WHO, in 2016 more than 1.9 billion adults (39 %) were overweight, and of these 650 million were obese (13 %). Being overweight or obese are linked to more deaths worldwide (Cappuccio et al. 2010) , than being underweight. In addition to the wellknown consequences of overweight and obesity such as cardiovascular diseases (Knutson 2010) , they are also associated with other at least as serious health conditions, for instance some types of cancer (e.g. colorectal, prostate, and breast; Vaughn et al. 2018 , Kim et al. 2017 , type 2 diabetes mellitus (Gan et al. 2015) , and musculoskeletal disorders and disabilities.
The circadian system orchestrates metabolism in daily 24-h cycles. Circadian rhythms have been shown to influence obesity, type 2 diabetes and metabolic syndrome development. There are two different circadian systems: one is located in the brain in the suprachiasmatic nucleus (SCN), and the second in peripheral tissues. The molecular machinery that controls circadian activity is expressed in almost all the peripheral tissues, which contain at least a partially self-sustained circadian oscillator. Interestingly, the brain itself possesses its own circadian oscillation. Lesions of the SCN do not reset circadian rhythmicity, but just desynchronize peripheral tissues. There are three main sources of peripheral clock synchronization: direct entrainment by the SCN, entrainment through feeding-fasting rhythms, and body temperature entrainment (Gnocchi and Bruscalupi 2017) .
Clock gene oscillations are necessary for many vital functions and for the control of hormonal levels. In mammals the circadian clock localized in the SCN has a period of 24.2-24.5 h, which is synchronized by external factors, especially by visual pathway, to 24.0 h (the so-called circadian rhythm). Individuals entrain their S410 Rácz et al. Vol. 67 internal clock differently, using not only on exogenous but also endogenous factors, which produce different phenotypes known as chronotypes (Roenneberg 2015) . Evolutionary variation in chronotypes, or sleep and wakefulness patterns, gave our ancestors an advantage by helping them to survive the hours of darkness. Rhythms in physiology, cognition and behavior reach their peaks and valleys earlier or later (i.e. morningness vs. eveningness, also called "early birds" and "night owls"). These differences are apparent in the rhythms of sleep and wakefulness, with late chronotypes exhibiting later sleep times, and the ability to extend their sleep into the day (Kerkhof 1985) . For the majority of the population, required wake-up times on work days do not coincide with biologically preferred wake-up times (Roenneberg et al. 2012) . Moreover, an increasing part of the population works unusual hours. These unusual work schedules have been linked to increased risks for health and safety.
The energy needed by our body and cells varies across the light-dark cycle. The breakdown of carbohydrates, lipids and proteins vary during this twenty four hours cycle. For example, gluconeogenesis occurs during the day time, whereas glycogenolysis peaks during sleep (Doi et al. 2010) . Diurnal insulin variation is inversely related to the cortisol rhythm. Insulin secretion rises during nocturnal sleeping, but the serum level of insulin does not correlate with its secretion due to increased clearance during the night. Glucose levels increase during night sleep, with correlation to growth hormone levels (Van Cauter et al. 1991) . The loss of this circadian oscillation pattern correlates with obesity in humans, raising the intriguing question of how hormone secretion dynamics affect adipocyte differentiation.
Adipose tissue is a type of connective tissue in which adipocytes predominate. Adipogenesis is stimulated by adipogenic hormones such as corticosteroids and ghrelin. Zahra et al. (2018) showed that the differentiation of preadipocytes to mature adipocytes is stimulated not only by the intensity of hormonal stimuli, but also depends on the oscillation of the stimuli.
Generally, the circadian timing system synchronizes behavioral cycles and anabolic/catabolic processes with environmental cues, generally connected to periods of light/darkness. This biological clock drives metabolic and hormonal pathways, bile acid synthesis and immune/inflammatory processes. Their proper timing with behavioral cycles and environmental cues is necessary for the prevention of obesity, type 2 diabetes and metabolic syndrome (Tarquini and Mazzoccoli 2017).
The disruption of sleep-wake cycles and obesity in shift workers
According to the National Sleep Foundation of the United States, in 1998 about 12 % of responders reported sleeping for 6 h or less, but in 2010 this percentage had increased to approximately 37 % (Hirshkowitz et al. 2015) . A short sleep duration (≤6 h) has been associated with a 45 % increased risk of obesity compared with normal sleep duration . Night or shift workers are typical examples of those with a disruption of the sleep-wake cycle. Shift work is defined as work outside of typical time (6 a.m.-6 p.m.) (McMenamin 2007) . Shift workers represent over 20 % of the workers in industrialized countries (Lee et al. 2007 , Stevens et al. 2011 . Night/shift workers have a higher risk of cardiovascular diseases (Vyas et al. 2012) , and higher risks of some types of cancer and type 2 diabetes (Gan et al. 2015 , Young et al. 2013 . Reducing the sleep duration, quality of sleep and rapid-eye movement sleep affects substrate oxidation, leptin and ghrelin concentrations, sympathetic nervous activity, sleeping metabolic rate, appetite, food reward, hypothalamicpituitary-adrenal (HPA)-axis activity, and enhancing an energy intake (Gonnissen et al. 2013) .
The hypothalamus is a region of the brain central to homeostasis. In shift workers, when food is consumed at night the hypothalamus receives contradicting input from the central clock and the systemic circulation. When rats were fed during their normal sleep period, clock gene rhythms were lost in the hypothalamus (Wang et al. 2017) . Skene et al. (2018) used a metabolomics approach to investigate circadian rhythm changes in shift workers. They analyzed not only traditional markers of the circadian clock (melatonin, cortisol and period circadian protein homolog 3 (PER3) expression), but also 132 circulating metabolites. While the traditional markers showed a stable phase after night-shift and day-shift schedules, the metabolites showed reversed rhythms, a loss of rhythm or decreased rhythmicity after a nightshift schedule. These findings may explain how a misalignment between internal circadian rhythmicity and externally imposed behavioral schedules in shift workers leads to changes in the timing of metabolite rhythms, which could indicate a disturbed peripheral clock function in the liver, pancreas, and digestive tract (Skene et al. 2018) .
During sleep, the body is in a fasting state and glycogenolysis in the liver dominates. The same meal eaten during the night causes an amplified glucose and lipid response in comparison to the day (Lund et al. 2001) . Shift and night workers have shown a higher concentration of triglycerides and a lower concentration of HDL cholesterol compared to day workers (Karlsson et al. 2003 , Nagaya et al. 2002 , Petrov et al. 2013 . The general preference for eating snacks and fast foods containing sugar at night also plays an important role (Yoshizaki et al. 2018) . A meta-analysis from Bonhman et al. (2016) compared the influence of caloric intake during the night in shift workers, and showed no differences in overall calorie intake over 24 h. The higher incidence of obesity and metabolic disorders in shift workers may thus be caused by other factors such as circadian misalignment, meal timing, food choice and the diurnal variation of energy metabolism. Psychological and behavioral changes associated with chronic fatigue can also play an important role in development of obesity (Neckelman et al. 2007 ).
Insufficient sleep, the circadian rhythm and hormonal changes
Insufficient sleep leads to an imbalance in the hormones that are involved in the regulation of hungersatiety. A melatonin onset heralds the beginning of biological night, and individuals with high body fat were found to have consumed their calories 1.1 h closer to this melatonin onset than lean subjects (McHill et al. 2017) .
Leptin was the first adipokine to be described, and plays a key role in the regulation of appetite and body weight (leptin suppresses hunger and food intake). Leptin levels in plasma are highly associated with BMI and the degree of adiposity (Janečková 2003). Cortisol and insulin are potent stimulators of leptin expression, while leptin expression is attenuated by beta-adrenergic agonists, cAMP, and thiazolidinediones (Houseknecht et al. 1998) . Leptin levels fluctuate according to changes in calorie intake, with a marked decrease during fasting and an increase in overfed and obese states . Leptin is secreted in a pulsating fashion and also displays a circadian rhythm. Leptin levels also exhibit sexual dimorphism, with women having higher leptin levels than men; leptin synthesis is stimulated by estrogen, and inhibited by testosterone (Park and Ahima 2015) . Obese subjects usually have high levels of circulating leptin, and it is considered a proinflammatory adipokine contributing to low-grade chronic inflammation in obesity.
A short sleep duration was shown to cause a significant reduction of leptin levels (18 %, p=0.04) and increase of ghrelin levels (28 %, p<0.04) in 12 healthy young men (Mullington et al. 2003) . The same study reported an increased appetite (by 23 %, p=0.01) and increased consumption of calorie-dense meals (33-45 %, p=0.02). Other studies have also confirmed the reduction of leptin levels caused by sleep deprivation (Mullington et al. 2003 , Taheri et al. 2004 . A positive relationship between quality of sleep and leptin levels in obese type 2 diabetes patients has been described (Hirota et al. 2018) , with sleep deprivation also causing insulin resistance. According to a meta-analysis of epidemiological studies, the relationships between sleep duration and type 2 diabetes exhibited a U-shape (Gangwisch et al. 2009 ), meaning that both short and long sleep durations were associated with an increased prevalence and incidence of diabetes. A study from 1999 found lower glucose tolerance in healthy people with a sleep debt than in those fully rested (p<0.02). They also found increased cortisol levels (p=0.0001) (Spiegel et al. 1999) . The development of insulin resistance from sleep deprivation is influenced by higher levels of inflammatory factors (IL-1, IL-6, IL-17, and CRP) (Knutson 2013).
Ghrelin is an orexigenic hormone produced in the stomach (Howard et al. 1996) that stimulates food intake and is involved in the regulation of energy homeostasis (Klok et al. 2007) . Ghrelin levels rise during fasting and decrease after food intake and have a diurnal profile (Cummings et al. 2001 , Racz et al. 2015 . In general, obese people have lower ghrelin levels than lean people (Marzullo et al. 2006) . Intravenous application of ghrelin can increase glycemia and decrease insulin levels (Broglio et al. 2003) . According to one study (Broussard et al. 2015) , sleep restriction was associated with an increase in both nocturnal and daytime ghrelin levels under a standardized diet. Postprandial ghrelin levels (after breakfast, lunch and dinner) remained elevated compared to after normal sleep. Wang et al. (2014) considered the possibility that anxiety induced by ghrelin can participate in the development of obesity through the modification of the gut-brain axis. The opposite may also be true: acute stress (for example sleep deprivation) can cause an elevation of ghrelin levels (Kristensson et al. 2006) .
Gut hormones can be released in response to S412 Rácz et al.
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food intake or follow a circadian or anticipatory pattern of secretion that is independent of nutrient stimulation. Compared to obese rats, lean rats were found to have higher levels of the anorexigenic gut hormones PYY during the light period and GLP1 during the dark period and a higher peak in the light period. Amylin, a synergistic partner to insulin that is cosecreted from pancreatic β-cells and plays a role in glycemic regulation, mainly effecting in the central nervous systems, was found to be higher in obese animals during the whole light/dark period (Moghadam et al. 2017) . Changes of gut hormones under sleep disorders has raised the issue of what role the gut microbiome plays as an additional factor interfering with the hormonal milieu in the gut, as discussed in the chapter below "Gut microbiome and obesity". Sleep disruption is a stress factor for an organism. Acute sleep deprivation has been associated with increased evening cortisol levels (Leproult et al. 1997) . Under chronic sleep deprivation, such hypercortisolemia may result in decreased insulin sensitivity in peripheral tissues. It is well known that elevated glucocorticoid levels (long lasting stress, Cushing´s disease, corticotherapy…) lead to an increase of fat mass. Implantation of corticoid pellets in rats led to a total 5 % weight gain (increased epidydimal and inguinal adipose mass, but not subcutaneous) in comparison to a control group (Zahra et al. 2018 ). The same study described a strong effect on adipose cell differentiation in cases when they applied corticoid pulses lasting longer than physiological pulses. This was explained by the failure to reset PPARG (peroxisome proliferator activated receptor gamma, also known as the glitazone receptor) level back down as durations got longer, increasing the probability that PPARG levels would stay above a certain threshold and cause the cells to continue in their differentiation.
Sleep deprivation can also lead to the disruption of the autonomic nervous system (increased sympathetic activity). This can result in metabolic disruption, and subsequently obesity, insulin resistance and cardiovascular complications (Tobaldini et al. 2014) . Both cross-sectional and longitudinal epidemiological studies have clearly demonstrated that prolonged short sleep durations can lead to hypertension and increased salt retention (Gangwisch 2014). The association of short sleep duration with hypertension is stronger in middleaged adults and in women. Insomnia is associated with a 68 % increased incidence of myocardial infarction and an 85 % increase in risk of stroke (Somers et al. 2008) . In one experimental model, the circadian rhythm of natriuretic peptide was altered by rotating the light-dark regimen (Herichová et al. 2014) .
Night eating syndrome
Night eating syndrome (NES) is an eating disorder initially described by Albert Stunkard in 1955 (Stunkard et al. 1955) , in which the diurnal pattern of food intake is delayed. The essential signs of NES are: not feeling hungry in the morning, overeating in the evening, difficulty falling asleep, waking at night and eating and feeling depressed. The eating pattern in NES leads to obesity and obesity-related comorbidities (Allison et al. 2014) . Circadian patterns of leptin, melatonin and cortisol differ in night eaters from those in healthy subjects (Birketvedt et al. 2014) . In addition, a reduced response of ACTH and cortisol to corticoliberin administration has been described in NES patients. Further studies also observed differences in the circadian rhythms of ghrelin, growth hormone and prolactin in patients with NES compared to controls. Dysfunctions in postsynaptic serotonin transmission and reduced nocturnal rise in plasma melatonin observed in patients with NES may cause impaired circadian rhythms and satiety. Selective serotonin reuptake inhibitors and selective melatonin agonists exert beneficial effects on NES and depressive symptoms, and can therefore be used together with psychological therapies for treatment of this disorder (Kucukgoncu et al. 2015) .
Gut microbiome and obesity
Recently, the human organism has begun to be considered a true ecosystem composed of human cells, bacteria, fungi, algae, and viruses. The gastrointestinal tract houses over 10 14 microorganisms (with a weight of about 1-2 kg), which is represented by over 1,000 different species of microbes -bacteria, fungi, viruses (Fujimura et al. 2010) . The gut microbiome contains 150 times more genes than the whole human genome (Bermon et al. 2015) . The physiological "gut flora" has vital functions in digestion, maintenance of the immune system, and producing vitamins and enzymes (for example vitamin K and biotin) (Guarner and Malagelada 2003) . The gut microbiome starts to develop during the intrauterine period, and reaches its adult-like form in about the 3rd year of life (but changes can occur throughout life). The microbiome is influenced not only by the genotype but also by external factors (for example diet including breastfeeding, environmental factors, and medicines as antibiotics). The microbiome acts like an endocrine organ, producing numerous compounds of hormonal nature (Bermon et al. 2015) . Alterations in the bacterial community are associated with health impairments, while increased microbiotic diversity improves the metabolic profile and immunological responses (Bermon et al. 2015) . Microbes in the gastrointestinal tract contribute to energy metabolism through the production of short chain fatty acids (SCFAs) through fermentation. The products of fermentation are absorbed and serve as an energy source for the organism. Products such as butyrate, propionate and acetate seem to have a protective role against diet-induced obesity and insulin resistance (Gao et al. 2009 , Lin et al. 2010 . These processes as well as others have been proposed as one link between obesity and the gut microbiome (Othman et al. 2016) .
SCFAs can also act as signaling molecules and activate various pathways, such as the activation of AMP-activated protein kinase (AMPK) in liver and muscle tissues that triggers the activation of key factors involved in cholesterol, lipid, and glucose metabolism: peroxisome proliferator-activated receptorgamma co-activator 1 alpha (PGC-1α), peroxisome proliferator-activated receptor gamma (PPARγ), and liver X receptors (LXR) (den Besten et al. 2013) .
Modification of the microbiome in density and composition could improve metabolic parameters. In an experimental model, microbial transfection to germ-free mice influenced body composition. Positive changes were correlated with invasion of specific members of Bacteroidetes from the lean into obese mice, and was diet-dependent (Ridaura et al. 2013) . Probiotics and antibiotics can modify insulin resistance by influencing microbial composition of the gut (Carvalho et al. 2012) . A few observations have confirmed a significant increase in the relative abundance of Firmicutes and a higher Firmicutes/Bacteroidetes ratio in overweight and obese persons. One possible explanation for these findings is that Firmicutes are more effective as an energy source than Bacteroidetes, thus promoting more the efficient absorption of calories and subsequent weight gain (Koliada et al. 2017 , Sweeney and Morton 2013 , Mathur and Barlow 2015 , Barlow et al. 2015 .
The efficacy of fecal microbiota transplant for the treatment of obesity and obesity-related metabolic disorders in animals and humans has recently been reviewed by Marotz and Zarrinpar (2016) .
There is a growing body of evidence about the gut-brain axis. The circadian rhythm and microbiome are capable of influencing and disrupting each other. The microbiome appears to follow daily rhythms influenced by timing of eating and the types of foods consumed, and to exert effects over the circadian rhythms (Mistlberger and Antle 2011). Obese mice as well as humans have different gut microbiota composition compared to lean counterparts (Ley et al. 2005) . Sleep fragmentation in mice leads to an increase of food intake and to reversible changes of the microbiota in favor of a highly fermentative group of microbes and a decrease of Lactobacillaceae. In response to these changes, systemic adipose tissue inflammation and altered insulin sensitivity appeared, probably via colonic epithelium barrier disruption (Poroyko et al. 2016) . The important role of the interaction of circadian rhythm and diet in their effect on the intestinal microbiome has been described in mice (Voigt et al. 2014 ). Mice fed a high fat, high sugar diet responded to reversals of the light/dark cycle with altered intestinal microbiota, while mice fed a standard diet had an unaltered microbiota.
An additional factor participating in microbiota and gut crosstalk concurrently influencing circadian rhythms may be bile acids. Bile acids are synthesized from cholesterol and conjugated with taurine or glycine. Upon food intake, bile salts are released into the duodenum and participate in fat digestion and absorption. Gut microbes in the intestinal lumen deconjugate bile salts to yield unconjugated bile acids. Within the ileal enterocytes, unconjugated bile acids influence the amplitude and periodicity of circadian gene expression (Govindarajan et al. 2016) .
Even though the exact mechanisms linking the gut microbiome to obesity are far from being well understood, modulation of the gut microbiota holds a tremendous therapeutic potential for treating the growing obesity epidemic, especially when combined with diet and exercise (Razmpoosh et al. 2016) . Evaluations of probiotic (lactobacilli and bifidobacteria) effects are dependent of the type of animal models used, and for this reason more clinical studies are needed. A recent study has suggested that for improving metabolic disorders, probiotics need to be administered through prebiotics (Pothuraju and Sharma 2018).
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Daily rhythm modulating agents
Chronic circadian disruption due to shift work or jet-lag from frequent travel across time zones leads an increased risk of diabetes, cardiovascular disease, and cancer. The development of new pharmaceuticals to treat circadian disorders could thus be helpful (Antoch and Chernov 2009). Many drugs (e.g. clozapine, prazosin and dopamine) can alter the circadian period. Melatonin is an effective chronobiotic agent that can effectively change the phase and amplitude of circadian rhythms, and in rodents has been demonstrated to have cytoprotective properties influencing weight gain and metabolic disturbances (Prunet-Marcassuset et al. 2003 , Terrón et al. 2013 . In humans, melatonin has been shown to attenuate the metabolic effect of antipsychotic agents, particularly in bipolar disorder (Romo-Nava et al. 2014) . Melatonin tablets with prolonged-release (trade-name Circadin) have been approved for the short-term treatment (up to 3 weeks) of primary insomnia (Lemoine and Zisapel 2012) . In rodents subjected to jet lag, a preventive effect of L-carnitine on the disorder of lipid metabolism and circadian clock was found (Xie et al. 2017) .
The period-shortening compound dehydroepiandrosterone (DHEA) can also affect the circadian rhythm. DHEA is a weak adrenal androgen and one of the principal neuroactive steroids , and is available as a dietary supplement in the USA. Dietary administration of DHEA to mice shortened the free-running circadian period and accelerated re-entrainment to advanced light-dark cycles, thereby reducing jet-lag (Tamai et al. 2018) . A drug screen also revealed the involvement of tyrosine kinases, ABL1 and ABL2 (Abelson-related gene protein), and the BCR serine/threonine kinase in regulating circadian period. Drug repurposing may thus be a useful approach for identifying new circadian clock modulators and potential therapies for circadian disorders. Serotonin is a well-known as factor modulating food intake. In healthy subjects serum serotonin are at their highest levels early in the morning and 30 min before a meal. These oscillations can be disrupted by fasting and obesity (Kwon et al. 2018) .
In addition to external factors (light-dark cycle), internal (endogenous) and psychobiological (lifestyle) factors also influence the circadian rhythm. Factors like ageing or low physical activity may act as "chronodisruptors", influencing the circadian rhythmicity of hormones such as adrenal and gonadal steroids. It has been proposed that low-intensity chronic physical activity may be an effective strategy for decreasing morning cortisol in subjects with metabolic dysfunctions and cancer (Vitale et al. 2018) . Obesity has recently been defined as a chronobiological disease. Unusual or late meal timing can be circadian chronodisruptors, leading to metabolic impairments, so meal timing may be a new potential target in weight control strategies (Beccuti et al. 2017) .
Good sleep hygiene, together with a circadian alignment of food intake, regular meal frequencies, and attention to caloric intake may improve sleep abnormalities and tendency to overweight/obesity by preventing overeating; normalizing substrate oxidation, stress, insulin and glucose metabolism including HOMA-IR index, and leptin, GLP-1 (glucagon like peptide 1) concentrations, lipid metabolism, appetite, energy expenditure and substrate oxidation, and normalizing food reward (Gonnissen et al. 2013) . Foods are also an important regulator of the circadian clock in peripheral tissues. Controlling of the timing of food consumption and food composition has been termed chrononutrition. The influence of n-3 PUFA (polyunsaturated fatty acids) in relation to the circadian clock was studied in a mouse model. Fish oil and DHA/EPA (docosahexaenoic acid/eicosapentaenoic acid) facilitated a restricted food-induced entrainment of the peripheral clock through insulin secretion and activation of GPR120 (G-protein coupled receptor 120) (Furutani et al. 2015) . Meals supplemented with fish oil and/or DHA/EPA may help entrain the peripheral clock in humans as well.
Exposure to endocrine disrupting compounds (EDs) including the pesticide tributylin, commercial flame retardants, and UV filtering chemicals found in sunscreens can perturb circadian clocks in vertebrates. Certain environmental chemicals may thus induce a new obesogenic mechanism of action (Kopp et al. 2017) . Endocrine disrupting chemicals can act as hormones in very small amounts and have significant estrogenic activity. EDs can interact with each other, and have antagonistic, additive or even synergistic effects. Like natural steroids, EDs may also influence the microbiome (Lichten 2017 , Kolátorová et al. 2018 . The combined influences of insufficient sleep and endocrine disrupting chemicals with impact on the microbiome reflect the complex effects of modern society on human health.
Conclusion
Obesity is a global concern connected to wide spectrum of health conditions and complications, which can lead to serious impairments of individual health. A positive energy balance and sedentary lifestyle are surely very important factors, but not the exclusive reasons for the increased incidence of obesity worldwide. Sleep deprivation, artificial lighting, and work during nights play at least as important a role in the development of obesity, acting through a wide spectrum of different processes. The relationships between the gut microbiome, circadian rhythm disturbances and endocrine disrupting chemicals, which could lead to weight gain and obesityrelated metabolic disorders, are only at beginning to be understood. Influencing our weight through the microbial system of our body is an exciting topic, which will certainly be the focus of much research in the near future.
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